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Abstract
The model of heavy neutral leptons (HNLs) is one of the well-motivated models beyond the
standard model from both theoretical and phenomenological point of views. It is an indispensable
ingredient to explain the puzzle of tiny neutrino masses and the origin of the matter-antimatter
asymmetry in our Universe, based on the models in which the simplest Type-I seesaw mechanism
can be embedded. The HNL with a mass up to the electroweak scale is an attractive scenario which
can be readily tested in present or near-future experiments including the LHC. In this work, we
study the decay rates of HNLs and find the sensitive parameter space of the mixing angles between
the active neutrinos and HNLs. Since there are fewer collider studies of the mixing between ντ and
HNL in literature compared with those of νe and νµ for the HNL of mass in the electroweak scale,
we focus on the channel pp→W±(∗) +X → τ±N +X to search for HNLs at the LHC 14 TeV. The
targeted signature consists of three prompt charged leptons, which include at least two tau leptons.
After the signal-background analysis, we further set sensitivity bounds on the mixing |UτN |2 with
MN at High-Luminosity LHC (HL-LHC). We predict the testable bounds from HL-LHC can be
stronger than the previous LEP constraints and Electroweak Precision Data (EWPD), especially
for MN . 50 GeV can reach down to |UτN |2 ≈ 5× 10−6.
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I. INTRODUCTION
Neutrino oscillation is one of the definite evidences of physics beyond the standard model,
which implies that at least two of three active neutrinos are massive. However, there is no
clear answer for the origin of neutrino-mass generation. Further, the matter-antimatter
asymmetry in our Universe is another mystery that the SM cannot explain. To address
these problems the conventional Type-I seesaw mechanism [1–7] with at least two superheavy
right-handed neutrinos is one of the the simplest possibilities and widely discussed so far.
Thanks to the existence of heavy Majorana neutrinos, the observed tiny neutrino masses
are naturally explained and their decays can be the source of the baryon asymmetry of the
Universe (BAU) through a well-known mechanism called thermal leptogenesis [8].
Hence, if heavy Majorana neutrinos are discovered, it would be a clear signal of new
physics without any doubts. Unfortunately, since the thermal leptogenesis requires the scale
of the Majorana neutrinos to be superheavy, say more than 109 GeV [9], and the conventional
Type-I seesaw can be perturbatively applied up to around the GUT scale, 1015 GeV, we
cannot directly produce and test such heavy particles in near-future terrestrial experiments.
However, this is not the end of the story because the allowed mass range for the heavy
Majorana neutrinos can be very wide below the GUT scale. On the other hand, once the
mass of the heavy Majorana neutrinos, which contribute to the seesaw mechanism, becomes
below the pion mass in the minimal model, it would conflict with the constraints from the
Big Bang Nucleosynthesis, since its lifetime becomes longer than 1 sec [10]. Therefore, the
Type-I seesaw mechanism itself can be valid for the mass range of right-handed neutrinos
between ∼ O(100 MeV) and the GUT scale.
Among a bunch of possibilities, the one with heavy Majorana neutrinos below the elec-
troweak scale is an attractive scenario which can be readily tested in present or near future
experiments. A model called the Neutrino Minimal Standard Model (νMSM) [11, 12], in
which the SM is extended only by introducing three heavy Majorana neutrinos, possesses
two such neutrinos around the electroweak scale and one in the keV scale which also serves
as a dark matter candidate. Since the neutrino Yukawa coupling of the keV-scale Majorana
neutrino is so tiny compared with the other two that we can completely separate its physics
from the others and simply focus on the dynamics of the other two heavier Majorana neutri-
nos, namely, the contribution from the keV-scale Majorana neutrino to the seesaw neutrino
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mass is small enough and the lightest active neutrino mass is suppressed enough compared
with the solar neutrino mass scale. The other two Majorana neutrinos, which have the
mass above the pion mass and below the EW scale, are responsible for the explanations
of the observed atmospheric and solar neutrino mass scales and baryogenesis via neutrino
oscillation [12, 13].
Generically, the mass eigenstates of the heavy Majorana neutrinos are called heavy neutral
leptons (HNLs) and labeled as N . The HNLs can be searched for at terrestrial experiments
and, especially the testability at beam dump experiments where bunches of kaon and B
mesons are produced when HNLs are lighter than the parent mesons as firstly proposed
by [14–16] (see e.g. [17–22] for recent relevant works). Furthermore, the HNLs can also
be searched for at colliders like the LHC as well and searchable range of HNL mass be-
comes wider than the beam damp experiments (see e.q. [17, 23–29] and references therein).
Actually, the lepton-number-violating (LNV) channels are the most specular signals and
the definite discriminator of the models because the HNLs uniquely break lepton number
which the SM always preserves. Not only for that but the lepton-number-conserving (LNC)
channels can also provide strong hints for searching for the HNLs.
Although the mixing between ντ and HNL is more challenging to be probed compared
with those of νe and νµ, there already exist some studies for MN ∼ O(1-5) GeV in Ref. [30,
31], MN ∼ O(1-20) GeV in Refs. [32–35], and MN > 150 GeV in Ref. [36, 37]. However,
for 25 < MN < 150 GeV, the detectability of the mixing between ντ and HNL is not well-
studied at the LHC. In this work, we focus on the channel pp → W±(∗) + X → τ±N + X
to search for HNLs with 25 < MN < 150 GeV at the High-Luminosity LHC (HL-LHC). In
this work, we focus on the channel pp→ W±(∗) +X → τ±N +X 1 to search for HNLs with
25 < MN < 150 GeV at the High-Luminosity LHC (HL-LHC). Our characteristic signature
consists of three prompt charged leptons, where at least two tau leptons are included. With
a detailed signal-background analysis we can set sensitivity bounds on the mixing angle
|UτN |2 with MN at the HL-LHC. Especially, it can be improved by a factor of five over the
previous analyses when MN . 50 GeV. This is a significant improvement over previous
studies.
The organization of the paper is as follows. We highlight some details of the model that
1 Actually, the HNL production in e+e− collider has a long history [38–45]. Instead of the charged current
interaction in hadron colliders, the neutral current interaction is used to search for HNLs in e+e− colliders.
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are relevant to our study and calculate the decay rates of HNLs in Sec. II. In Sec. III, we
survey the valid parameter space for the mixing of the active neutrinos with HNLs in various
HNL mass ranges up to the electroweak scale. In Sec. IV, we give details about the search
for HNL with τ leptons at the HL-LHC. In Sec. V, we present the signal-background analysis
and the results, and obtain the sensitivity bounds on the mixing |UτN |2. We conclude in
Sec. VI.
II. THE NEUTRINO MINIMAL STANDARD MODEL
A. The model
In this section, we highlight some details of the Neutrino Minimal Standard Model
(νMSM) which are relevant to our study. After introducing three gauge-singlet right-handed
neutrino fields into the SM, the total Lagrangian can be written as
L = LSM + i νRIγµ∂µνRI −
(
FαI `α Φ νRI +
MI
2
νcRI νRI + h.c.
)
, (1)
where LSM is the SM Lagrangian based on SU(3)c × SU(2)L × U(1)Y gauge symmetry, the
index α denotes the active flavors running for e, µ, and τ , and I is the HNL-flavor index
running from 1 to 3. The fields `, Φ, and νR are the lepton doublet, the Higgs doublet,
and the right-handed neutrino singlet, respectively. FαI ’s are the neutrino Yukawa coupling
constants and MI ’s are the Majorana masses for the right-handed neutrinos.
After the Higgs field acquires the vacuum expectation value, there are two kinds of
neutrino masses, namely, the Dirac neutrino masses defined as (MD)αI ≡ FαI〈Φ〉 and the
Majorana neutrino masses, MI . In the mass basis of neutrinos, the tiny active neutrino
masses can be explained by the hierarchical ratio between Dirac and Majorana masses as
M2D/MI realized by the seesaw mechanism. In the mass basis, the HNLs are composed of
mostly right-handed neutrinos but also small portion of left-handed neutrinos, thus, HNLs
can have gauge interactions through the mixing denoted as UαI ≡ (MD)αI/MI . Therefore,
HNLs can be searched for at terrestrial experiments.
As discussed in a number works in literature (see e.g. [46] and references therein and
also related papers) a certain amount of mass degeneracy between two HNLs is necessary
for the success of baryogenesis. Then, we can simply rewrite the Majorana masses as M2,3 =
MN±∆M/2 where MN is the common mass and ∆M denotes the slight mass difference. We
4
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FIG. 1: The branching ratios of the HNL with the assumption |UeN |2 = |UµN |2 = |UτN |2
for the decay modes N → W±(∗)l∓α , N → Z(∗)να and N → ναH of HNL in the low and
medium mass regions.
do not stick ourselves to the valid parameter space for baryogenesis in the following studies,
though. Between these two mass parameters, the common mass scale is more important
than their slight difference for the purpose of HNLs searches since ∆M/M  1. Therefore,
we can safely neglect the correction of ∆M and simply multiply a factor of 2 when we
want to estimate physical observables, such as cross sections, for HNLs in the νMSM. In
the following analyses and discussion, however, we focus on the case with one HNL just for
simplicity and denote the mixing angle as UαN .
B. Decay rates of the Heavy Neutral Leptons
Based on the mass range of HNLs, we can calculate its decay rate in three mass ranges:
(1) low mass region (MN  mW,Z), (2) medium mass region (MN . mt) and (3) high mass
region (MN  mW,Z). Here we only focus on the low and medium mass ranges in this
study.2
2 As complementary studies including heavier mass region, please see e.g.[37, 47, 48]. Actually, the reason
why we focus on such a low mass region is motivated from the model, so that higher mass region is beyond
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FIG. 2: The decay width ΓN versus the mixing parameter U
2
eN (solid line) in the
parameter space of (U2eN , ΓN) with MN = 5 GeV (upper-left), 25 GeV (upper-right), 50
GeV (lower-left) and 75 GeV (lower-right). The shaded regions come from various
constraints shown in Fig. 4. The three dashed lines indicate the benchmark decay lengths
of cτN = 0.1 mm (purple), 10 cm (blue) and 10 m (brown).
In the low and medium mass ranges of HNL, the major decay modes are N → W±(∗)l∓α
and N → Z(∗)να, where W,Z bosons can be either on-shell or off-shell depending on MN .
Once HNL is heavier than the Higgs boson, the N → ναH decay mode is also open. 3 All
detailed formulas for these partial decay widths are collected in Appendix A. The branching
ratios with the assumption |UeN |2 = |UµN |2 = |UτN |2 for the above decay modes of HNL in
the above mass ranges are shown in Fig. 1.4 Since BR(N → W±(∗)l∓α ) is dominant for the
whole mass range, we focus on N → W±(∗)l∓α in the following study.
The dependence of the total decay rate ΓN on the square of mixing parameter U
2
αN
our scope. Indeed,the N − ντ mixing for mN > 150 GeV was also covered in Ref. [37, 48].
3 The partial decay width Γ(N → ναH∗) is much smaller than the other two partial decay widths via the
propagators of W or Z boson when MN < mH , so we can safely ignore this small contribution in our
calculation.
4 Numerically, we take MN ≤ 25 GeV for the low mass range and 25 < MN ≤ 150 GeV for the medium
mass range. 6
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FIG. 3: The decay width ΓN versus the mixing parameter U
2
µN (upper panels) or U
2
τN
(lower panels) in the parameter space of (U2µN , ΓN) with MN = 5 GeV (upper-left) and 25
GeV (upper-right), and of (U2τN , ΓN) with MN = 5 GeV (lower-left) and 25 GeV
(lower-right). The shaded regions come from various constraints shown in Fig. 5 and
Fig. 6, respectively. The three dashed lines indicate the benchmark decay lengths of cτN =
0.1 mm (purple), 10 cm (blue) and 10 m (brown).
(α = e, µ, τ) is numerically studied below. We first show ΓN verse U
2
eN with MN = 5, 25, 50
and 75 GeV in Fig. 2. Since we ignore the fermion mass in the final state for the medium
mass range in our numerical calculations, there is no difference among the lepton flavors in
this mass range. We show ΓN verse U
2
µN and ΓN verse U
2
τN with only MN = 5 and 25 GeV
in Fig. 3. The shaded regions come from the constraints shown in Figs. 4 to 6 in the next
section. Three dashed lines indicate the benchmark decay lengths of cτN = 0.1 mm (purple),
10 cm (blue) and 10 m (brown). We observe that once MN & 50 GeV and U2αN & 10−8,
the decay length of HNL is quite small such that we can simply take the decay of HNL as
prompt in most of the parameter space for each lepton flavor. In contrast, the low mass HNL
with tiny U2αN can easily generate the displaced vertex signature after it has been produced
at colliders [32, 49–56], which is of immense interest in the upcoming LHC run.
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FIG. 4: The allowed parameter space of (MN , |UeN |2). We display the main constraints
from EWPD [57–61] (brown dashed line), L3 [62–64] (pink dashed line), DELPHI [65]
(blue dashed line), LEP2 [62–64] (red solid line), CMS-13TeV trilepton [66] (black solid
line), CMS-13TeV same-sign dilepton [67]( purple solid line), ATLAS-13TeV trilepton [68]
(green solid line), 0νββ (orange dashed line) and Seesaw (NH) (Seesaw(IH)) (gray solid
line (red solid line)) on the plane.
III. CONSTRAINTS FOR HEAVY NEUTRAL LEPTONS
In this section, we summarize various constraints on the mixing |UαN |2 (α = e, µ, τ) in
the mass range of MN from 5 to 500 GeV. We categorize these constraints as follows.
1. Electroweak Precision Data (EWPD) [57–61],
2. Large Electron–Positron (LEP) Collider experiments, including L3 [62–64], DEL-
PHI [65], and LEP2 [62–64],
3. Large Hadron Collider (LHC) experiments, including CMS-13TeV trilepton [66], CMS-
13TeV same-sign dilepton [67] and ATLAS-13TeV trilepton [68],
4. Neutrinoless double beta (0νββ) decay, and
5. Theoretical lower bound of the seesaw mechanism.
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FIG. 5: The allowed parameter space of (MN , |UµN |2). We display the main constraints
from EWPD [57–61] (brown dashed line), L3 [62–64] (pink dashed line), DELPHI [65]
(blue dashed line), CMS-13TeV trilepton [66] (black solid line), CMS-13TeV same-sign
dilepton [67] (purple solid line), ATLAS-13TeV trilepton, LVN and LCN [68] (green solid
line, red dotted line and orange dotted line) and Seesaw (NH) (Seesaw(IH)) (gray solid line
(red solid line)) on the plane.
We first show the valid parameter space of (MN , |UeN |2) in Fig. 4. Generally, |UeN |2 . 2×
10−5 for MN . 50 GeV. The main constraints for this mass region come from DELPHI [65],
CMS-13TeV trilepton [66] and ATLAS-13TeV trilepton searches [68]. On the other hand,
|UeN |2 . 2.2×10−3 for MN & 100 GeV from constraints of LEP2 [62–64] and EWPD [57–61].
The jump of the |UeN |2 constraints from MN ≈ 50 to 100 GeV comes from the threshold of
gauge boson masses mW,Z . In addition, we follow Eq. (2.18) in Ref. [17] for the constraint
of 0νββ decay which is the strongest in Fig. 4.
Similarly, the valid parameter space of (MN , |UµN |2) is shown in Fig. 5. Again, |UµN |2 .
2 × 10−5 for MN . 50 GeV, but |UµN |2 . 9 × 10−4 for MN & 100 GeV. Interestingly,
the search for displaced-vertex signature of muons from HNL in the case of lepton-number
violation (LNV) and lepton-number conservation (LNC) was published in Ref. [68] from the
ATLAS Collaboration. The above searches set a stronger constraint for MN < 10 GeV.
Finally, we show the valid parameter space of (MN , |UτN |2) in Fig. 6. The main con-
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FIG. 6: The allowed parameter space of (MN , |UτN |2). We display the main constraints
from EWPD [57–61] (brown dashed line), DELPHI [65] (blue dashed line) and Seesaw
(NH) (Seesaw(IH)) (gray solid line (red solid line)) on the plane.
straints only come from EWPD [57–61] and DELPHI [65] with |UτN |2 . 5.5 × 10−3 for
MN & 100 GeV.
We observe that the constraints on the mixing between ντ and HNLs are relatively weaker
than both νe and νµ in the electroweak scale HNLs. On the other hand, we approximately
apply the m3 value of Normal Hierarchical (NH) case and m2,m1 values of Inverted Hierar-
chical (IH) case from PDG 2018 [69], respectively, to set the theoretical lower bound of the
seesaw mechanism for the mixing angles (MN , |UαN |2) in Figs. 4 to 6.
IV. SEARCH FOR THE HNL WITH τ LEPTON AT HL-LHC
To our knowledge there have not been any concrete analyses for the sensitivity reach of
U2τN for HNLs around the EW scale at the LHC. Here we propose to search for HNLs with
the signatures consisting of three prompt charged leptons in the final state, of which at least
two are tau leptons. We first study the kinematical behavior of the HNL in the production
channel, pp → W±(∗) + X → τ±N + X, and then discuss the signatures for various final
states from the HNL decays and discuss possible SM backgrounds. Finally, the details of
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FIG. 7: The transverse momentum pT (N) distribution of the HNL in the process
pp→ W±(∗) → τ±N +X at √s = 14 TeV for some benchmark points with MN < mW
(left) and MN > mW (right) at parton level.
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FIG. 8: The transverse momentum pT (τ) distribution of the τ lepton in the process
pp→ W±(∗) → τ±N +X at √s = 14 TeV for the same benchmark points as Fig. 7.
simulations and event selections for both signals and SM backgrounds are displayed.
A. Kinematical behavior of the HNL in the production channel pp→W±(∗) +X →
τ±N +X
Based on the fact that the constraints on the mixing between ντ and HNLs are relatively
weaker than those of νe and νµ in various HNL mass ranges, we study the channel pp →
W±(∗) + X → τ±N + X at the LHC 14 TeV to search for HNLs in this work. We first set
U2eN = U
2
µN = 0 and only focus on the U
2
τN dependence in the above production channel.
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The W boson propagator can be either on-shell or off-shell depending on the mass of HNLs.
We apply the Heavy Neutrino model file [70] from the model database of FeynRules [71]
and use Madgraph5 aMC@NLO [72, 73] to simulate this production channel at tree level
and include the emission of up to two additional partons. The pT (N) and pT (τ) distributions
for some benchmark points with MN < mW (MN > mW ) at parton level are shown in the
left (right) panel of Figs. 7 and 8, respectively. Because of the mass thresholds of the W
boson and HNLs, the pT (N) and pT (τ) are relatively soft for MN < mW , especially for the
case of MN = 75 GeV. To identify and detect these soft final states are the main issue of
this study. On the other hand, a detail study for the situation of MN ∼ mW is needed, and
we leave this part in future.
The decay length LN of the HNLs can be simply estimated by LN = γcτN where τN =
1/ΓN and the Lorentz boost factor γ can be approximated as pT (N)/MN . We expect that
HNL is not very boosted in this production channel except for MN = 5 GeV in Fig. 7.
Combined with the information from Figs. 2 and 3, there is still large allowed parameter
space for prompt decays of HNLs in this production channel. Therefore, we focus on the
case with prompt decays of HNLs first and leave the displaced vertex of HNLs aside in this
paper.
B. Signature of the signals and possible SM backgrounds
We first divide the signal region to two parts: (1) on-shell W boson production region
and (2) off-shell W boson production region. Different analysis strategies will be applied
to each signal and SM backgrounds in these two regions. We focus on those final states
with two τ leptons and one additional charged lepton in this work, and will explore the
signature of two same-sign τ leptons with two jets as Ref. [74–76] in the future. As we
known, the τ±τ±jj search channel would suffer from the severe QCD backgrounds such that
signal events may be easily submerged. Conversely, the signature of two τ leptons with
one additional charged lepton can effectively reduce those huge QCD backgrounds, but we
need to carefully exploit kinematic properties of the final states to discriminate between the
signal and SM backgrounds.
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Consider the following signal process
pp→ W±(∗) → τ±N → τ±τ±l∓α να(να)
↪→ τ±τ∓l±α να(να)
(2)
where α = e, µ, τ . We can further classify the final states in the following three categories:
(1) Two same-sign τs, e/µ and mET (τ±τ±e∓(µ∓)νe,µ(νe,µ)), (2) Two opposite-sign τs,
e/µ and mET (τ+τ−e±(µ±)νe,µ(νe,µ) and (3) Three τs and mET (τ±τ±τ∓ντ (ντ )). We will
ignore the analysis of three τs and mET final state, as we cannot distinguish the Majorana
or Dirac nature of the HNL via the three τ leptons and mET final state, in contrast to the
first two categories.
As shown before, there are still some possibilities to search for displaced τ leptons events
from the low MN region with small mixing angles. This kind of signature has been studied
in Ref. [33]. Therefore, we mainly focus on the prompt τs in this work. On the other hand, τ
leptons have both hadronic and leptonic decay modes. We choose hadronic τ lepton decays
for all τ leptons in our study with the following two main reasons. First, hadronic τ lepton
decays account for approximately 65% of all possible τ lepton decay modes. Therefore, we
can save more τ lepton decay events from hadronic decay modes than leptonic decay modes.
Second, leptonic τ lepton decays can mimic the signals of only e’s and µ’s in the final state
which cannot be distinguished at the LHC.
There are some irreducible and reducible SM backgrounds for the above three categories
of signatures. We first consider the signal signature with two same-sign τs, e/µ and mET ,
the backgrounds of which include
1. Irreducible SM backgrounds:
W±W±W∓.
2. Reducible SM backgrounds:
(1) EW processes : W+W−Z/H/γ∗.
(2) tt associated processes: ttW±/Z/H/γ∗ and tt+ nj (n = 0-2).
(3) QCD multijets.
Then we consider the signal signature with two opposite-sign τs, e/µ and mET , the back-
grounds of which include
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1. Irreducible SM backgrounds:
W±Z/H/γ∗, and W±W±W∓.
2. Reducible SM backgrounds:
(1) EW processes : ZZ/H/γ∗ and W+W−Z/H/γ∗.
(2) tt associated processes: ttW±/Z/H/γ∗ and tt+ nj (n = 0-2).
(3) τ+τ− + nj (n = 0-2).
(4) QCD multijets.
Finally, the sources of SM backgrounds for the signal signature with three prompt τs and
mET are similar to those of two opposite-sign τs, e/µ and mET . We will not repeatedly
list them again.
C. Simulations and event selections
We use Madgraph5 aMC@NLO [72, 73] to calculate the signal and background
processes at leading order (LO) and generate MC events, perform parton showering and
hadronization by Pythia8 [77], and employ the detection simulations by Delphes3 [78]
with the ATLAS template. The NNPDF2.3LO PDF set was used and ME-PS matching
with MLM prescription [79, 80] was applied for all the signal and major SM backgrounds.
We include the emission of up to two additional partons for the signals with a matching
scale set to be 30 GeV for MN . 120 GeV and about one quarter of the MN for MN > 120
GeV. On the other hand, the matching scales for tt + nj and τ+τ− + nj (n = 0-2) are set
to be 20 GeV and 30 GeV, respectively. All jets are reconstructed using the the anti-kT
algorithm [81] in FastJets [82] with a radius parameter of R = 0.6. The procedures of
hadronic tau lepton decay and reconstruction are as follows. We first set tau leptons to
automatically decay through Pythia8, and use the ATLAS template in Delphes3 for the tau
tagging algorithm according to the efficiencies shown in Ref. [83] to reconstruct hadronic
tau lepton decay using the visible final states. Notice the tau lepton cannot be fully recon-
structed because the part from neutrino becomes missing energy and is ignored from the
hadronic tau reconstruction. Furthermore, the electron, muon efficiencies in Delphes3 are
modified to include the low PT regions inspired from the Ref. [84]. In order to study the
Majorana nature of HNLs at the LHC, we classify our simulations and event selections in
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(1) two same-sign τs, e/µ and mET and (2) two opposite-sign τs, µ and mET .5
1. Two same-sign τs, e/µ and mET
In this scenario, we require two same-sign τ leptons with an additional e/µ in the final
state with the following cut flow.
1. For MN < mW , we specifically take two soft same-sign τ leptons and an extra soft e/µ
as the selection of signals in our events with the following conditions,6
N(τ±, l∓) > 2, 1, 5 < P lT < 40 GeV, |ηl| < 2.5, 20 < P τ1(τ2)T < 50(40) GeV, |ητ | < 2.5 ,
(3)
where l = e, µ. Since τ leptons and e/µ are relatively soft in this case compared with
SM backgrounds, we reject those high PT regions to reduce background contributions
inspired from the Ref. [84–88]. We follow Ref. [83] with pminT > 10 GeV for jet-seeding
of visible hadronic tau to start with and only visible hadronic tau candidates with
pminT > 20 GeV are used. However, we think it is still worthwhile to tell the readers
about the situation with pminT > 15 GeV as in Ref. [85, 86], so we place the cut flow
tables for this case into Appendix B. On the other hand, for MN > mW , we only
choose the following conditions for them:
N(τ±, l∓) > 2, 1, P lT > 10 GeV, |ηl| < 2.5, P τT > 20 GeV, |ητ | < 2.5 , (4)
where l = e, µ. Besides, the two same-sign τ candidates must be angularly separated
enough by requiring ∆Rτ±τ± > 0.6 in order to avoid overlapping. Other isolation
criteria among e, µ, τ and jets are the same as the default settings of Delphes3.
2. In order to reduce the τ lepton pair from the Drell-Yan process, we veto any opposite-
sign τ lepton for both the signal and backgrounds with
N(τ∓) = 0 with P τT > 20 GeV, |ητ | < 2.5 . (5)
5 In order to suppress the SM background contributions from both τ+τ− + nj and tt+ nj (n = 0-2) with
non-negligible jet fake to electron rate, we don’t take into account of the signature with two opposite-sign
τs, e and mET in this study.
6 Note that the pT cuts on the hadronic tau-leptons are slightly below the recomended values in the public
trigger menu [90]. Nevertheless, it would only lead to marginal decrease in projected sensitivities. On the
other hand, except for the known public trigger thresholds for lepton pairs or single tau-lepton inclusive
processes as shown in Ref. [90], we envision a trilepton trigger that includes hadronic tau-lepton candidates.
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3. To suppress the contributions from backgrounds of tt associated processes, we reject
the high missing transverse momentum PmissT events by requiring
PmissT < 40 (MN/2) GeV , (6)
for MN < mW (MN > mW ).
4. To further reduce the contributions from backgrounds of tt associated processes, we
apply the b-veto for both the signal and backgrounds with
N(b) = 0 with P bT > 20 GeV, |ηb| < 2.5 . (7)
Moreover, for MN > mW , we further reduce background contributions by requiring
the inclusive scalar sum of jet ET , HT [48, 89], to satisfy
HT < 200 GeV. (8)
The inclusive HT distributions for both signals and backgrounds are shown in Ap-
pendix B.
5. We require the minimum invariant mass for one of τ leptons and an extra e/µ to
satisfy
Mτ±`∓1 < MN . (9)
This τ lepton is most likely to be the second energetic one for small MN , but it
becomes hard to be distinguished as MN increases. Here we use the transverse mass
distribution for MTτ±`∓1 PmissT
to find the correct τ lepton from the HNL decay. We
plot both MTτ±1 `
∓
1 P
miss
T
and MTτ±2 `
∓
1 P
miss
T
distributions, and choose the one that closely
indicates the mass of the HNL. The same τ lepton is used to form the invariant mass
Mτ±`∓1 .
6. Finally, if MN < mW , the invariant mass of two same-sign τ leptons and an extra e/µ
system is required to have
Mτ±1 τ
±
2 `
∓
1
< mW . (10)
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2. Two opposite-sign τs, µ and mET
In this scenario, we require two opposite-sign τ leptons and an extra µ in the final state
with the following cut flow.
1. For MN < mW , we specifically take two soft opposite-sign τ leptons and an extra soft
µ as the selection of signals in our events with the following conditions,
N(τ, µ) > 2, 1, 5 < P µT < 40 GeV, |ηµ| < 2.5, 20 < P τ1(τ2)T < 50(40) GeV, |ητ | < 2.5 ,
(11)
On the other hand, for MN > mW , we choose instead the following conditions for
them:
N(τ, µ) > 2, 1, P µT > 15 GeV, |ηµ| < 2.5, P τT > 20 GeV, |ητ | < 2.5 , (12)
Compared with Eq. (4), we require a stronger P µT cut to further suppress soft radiation
muons from ττ + nj and tt¯ + nj processes. Again, ∆Rτ+τ− > 0.6 and other isolation
criteria are set to avoid overlaps.
2. In order to reduce SM backgrounds with more than three τ leptons, we veto any same-
sign τ lepton for both signal and backgrounds with the same conditions as Eq. (5).
3. To further reduce the contributions from backgrounds of tt associated processes, we
apply the following cuts for both signal and backgrounds: high PmissT rejection as
Eq. (6), b-veto as Eq. (7). In addition, the cut HT < 200 GeV is applied for MN > mW .
4. We require the minimum invariant mass for the τ leptons and an extra µ with opposite
charges to satisfy Eq. (9). Compared with the case of same-sign τs, it becomes more
precise to pick up the correct τ lepton from the HNL decay.
5. Finally, if MN < mW , the invariant mass of two opposite-sign τ leptons and an extra
µ system is required to have
Mτ+τ−µ < mW . (13)
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Two Same-Sign τs Selection Flow Table
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 25 GeV 2.851 9.834× 10−1 9.071× 10−1 8.860× 10−1 5.663× 10−1
W±W±W∓ 1.828× 10−1 1.029 5.110× 10−1 5.030× 10−1 1.890× 10−2
W+W−Z/H/γ 1.065× 10−1 6.755× 10−1 3.047× 10−1 2.990× 10−1 1.440× 10−2
tt¯+ nj 2.357× 104 6.415× 10−2 1.282× 10−2 1.864× 10−3 2.530× 10−5
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 50 GeV 2.068 1.023 9.465× 10−1 9.255× 10−1 7.584× 10−1
W±W±W∓ 1.828× 10−1 1.029 5.110× 10−1 5.030× 10−1 6.114× 10−2
W+W−Z/H/γ 1.065× 10−1 6.755× 10−1 3.047× 10−1 2.990× 10−1 4.565× 10−2
tt¯+ nj 2.357× 104 6.415× 10−2 1.282× 10−2 1.864× 10−3 1.602× 10−4
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 75 GeV 8.935× 10−2 7.486× 10−1 6.723× 10−1 6.512× 10−1 4.861× 10−1
W±W±W∓ 1.828× 10−1 1.029 5.110× 10−1 5.030× 10−1 6.752× 10−2
W+W−Z/H/γ 1.065× 10−1 6.755× 10−1 3.047× 10−1 2.990× 10−1 4.955× 10−2
tt¯+ nj 2.357× 104 6.415× 10−2 1.282× 10−2 1.864× 10−3 1.771× 10−4
TABLE I: The two same-sign τs selection flow table for HNLs with benchmark points of
MN = 25, 50 and 75 GeV with U
2
τN = 10
−5. The preselection and invariant mass selection
are written in the main text. The A for each selection is the total accepted efficiency in
each step.
V. ANALYSIS AND RESULTS AT HL-LHC
A. Same-sign tau leptons plus a charged lepton
In this section, we display our results based on the simulation and analysis strategies
in the previous section. First, we explain our results for the channel of two same-sign τs,
e/µ and mET . The cut flow tables for MN < mW (MN = 25, 50, 75 GeV) and MN > mW
(MN = 85, 100, 125, 150 GeV) are shown in the Table I and Table II, respectively. Here we
set U2τN = 10
−5 for all benchmark points. We list three major SM backgrounds in these two
tables: W±W±W∓, W+W−Z/H/γ and tt¯ + nj. The tt¯ + nj is the dominant one among
them before applying the selection cuts. On the other hand, the notation of Preselection
includes Eqs. (3), (4) and (5) and Invariant Mass Selection includes Eqs. (9) and (10)
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Two Same-Sign τs Selection Flow Table
Process
σ Preselection PmissT < 85/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 85 GeV 1.102× 10−2 2.488 1.525 1.484 1.321 1.124
W±W±W∓ 1.713× 10−1 5.454 1.577 1.547 1.374 7.939× 10−1
W+W−Z/H/γ 5.824× 10−2 8.036 1.937 1.892 1.395 7.277× 10−1
tt¯ + nj 2.240× 104 6.030× 10−1 1.218× 10−1 1.801× 10−2 4.654× 10−3 2.428× 10−3
Process
σ Preselection PmissT < 100/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 100 GeV 8.461× 10−3 2.834 1.702 1.656 1.447 1.144
W±W±W∓ 1.713× 10−1 5.455 2.019 1.980 1.751 1.170
W+W−Z/H/γ 5.824× 10−2 8.036 2.496 2.438 1.779 1.085
tt¯ + nj 2.240× 104 6.031× 10−1 1.607× 10−1 2.383× 10−2 5.969× 10−3 4.199× 10−3
Process
σ Preselection PmissT < 125/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 125 GeV 3.486× 10−3 8.227 5.871 5.708 4.683 4.087
W±W±W∓ 1.713× 10−1 5.455 2.709 2.656 2.322 1.801
W+W−Z/H/γ 5.824× 10−2 8.036 3.403 3.324 2.378 1.7103
tt¯ + nj 2.240× 104 6.031× 10−1 2.280× 10−1 3.420× 10−2 8.044× 10−3 6.526× 10−3
Process
σ Preselection PmissT < 150/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 150 GeV 1.758× 10−3 1.201× 101 8.953 8.703 6.637 6.047
W±W±W∓ 1.713× 10−1 5.455 3.297 3.231 2.788 2.340
W+W−Z/H/γ 5.824× 10−2 8.036 4.200 4.099 2.864 2.264
tt¯ + nj 2.240× 104 6.031× 10−1 2.951× 10−1 4.361× 10−2 9.966× 10−3 8.853× 10−3
TABLE II: The same as Table I, but for HNLs with benchmark points of MN = 85, 100,
125 and 150 GeV with U2τN = 10
−5.
(when MN < mW ).
For MN < mW , after passing all selection cuts, we can find the signal efficiencies around
0.49-0.57%, the efficiencies of W±W±W∓ and W+W−Z/H/γ are less than 6.8× 10−2% and
5.0× 10−2%, and that of tt¯+ nj is even smaller, less than 2.5× 10−5%. 7 Some kinematical
distributions for the signal with MN = 25, 50 and 75 GeV are shown in Fig. 9. Notice
that the distributions in (e), (f), (g) and (h) pass the preselection criteria. All τ1, τ2 and
`1 are relatively soft as shown in (a), (b) and (c) on Fig 9. In order to pick out these soft
objects, we focus on low PT regions as in Eq. (3). Similar to the soft charged leptons, the
PmissT is also soft as shown in (d) in Fig 9, so we further reject the high P
miss
T regions as
in Eq. (6). Finally, Eqs. (9) and (10) can help us to select the major parts of the signal
as shown in (e) and (f) in Fig. 9. On the other hand, the transverse mass distribution for
MT (P
τ±1
T , P
τ±2
T , P
`∓1
T , P
miss
T ) and MT (P
τ±
T , P
`∓1
T , P
miss
T ) in (g) and (h) in Fig. 9 clearly show the
resonance structure of both mW and MN , respectively. In Fig. 10, we also display these
7 The tiny efficiency of tt¯+nj also causes unavoidable large statistical fluctuations, even we already generated
more than 1.2× 107 Monte Carlo events.
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(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ±
(c) The pT distribution for leading `
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ±1 τ
±
2 `
∓
1
(f) The distribution for Mτ±`∓1
(g) The distribution for MTτ±1 τ
±
2 `
∓
1 P
miss
T
(h) The distribution for MTτ±`∓1 PmissT
FIG. 9: Two Same-Sign τs: Various kinematical distributions for the signal with the
benchmark points of MN = 25, 50 and 75 GeV. Notice the distributions in (e), (f), (g) and
(h) passed the preselection criteria.
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(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ±
(c) The pT distribution for leading `
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ±1 τ
±
2 `
∓
1
(f) The distribution for Mτ±`∓1
(g) The distribution for MTτ±1 τ
±
2 `
∓
1 P
miss
T
(h) The distribution for MTτ±`∓1 PmissT
FIG. 10: The same as Fig. 9, but for the signal with the benchmark point of MN = 50
GeV and major SM backgrounds.
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kinematical distributions for the signal MN = 50 GeV and three major SM backgrounds.
We can clearly see that these analysis strategies for this scenario in the previous section can
successfully distinguish most parts of the signal from the SM backgrounds.
(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ±
(c) The pT distribution for leading `
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ±`∓1
(f) The distribution for MTτ±`∓1 PmissT
FIG. 11: Two Same-Sign τs: various kinematical distributions for the signal with the
benchmark points of MN = 85, 100, 125 and 150 GeV. Notice the distributions in (e) and
(f) passed the preselection criteria.
For MN > mW , after passing all selection cuts, we can find the signal efficiencies around
1.1-6.0%, the efficiencies of W±W±W∓ and W+W−Z/H/γ are less than 2.3%, and the
efficiencies of tt¯+ nj is even smaller, less than 8.9× 10−3%. Some kinematical distributions
for the signal with MN = 85, 100, 125 and 150 GeV are shown in Fig. 11. Notice that the
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(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ±
(c) The pT distribution for leading `
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ±`∓1
(f) The distribution for MTτ±`∓1 PmissT
FIG. 12: The same as Fig. 11, but for the signal with the benchmark point of MN = 125
GeV and major SM backgrounds.
distributions in (e) and (f) pass the preselection criteria. In contrast to the case MN < mW ,
as shown in (a), (b) and (c) in Fig. 11, τ leptons and e/µ can have long tail PT distributions
with the increase in the mass of HNLs. We can also find most of PmissT distributions in
this scenario are less than MN/2 as shown in (d) in Fig. 11. For the benchmark points of
MN > 85 GeV, N decays into an on-shell W boson and a relatively soft τ because of the
mass threshold. Thus, the subleading τ lepton shows a soft PT spectrum especially for the
low mass shown in panel (b) of Fig. 11. Both the invariant mass Mτ±`∓1 (panel (e)) and
the transverse mass (panel (f)) distributions clearly correlate with the mass of the HNL. In
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Fig. 12, we also display these kinematical distributions for the signal benchmark MN = 125
GeV and three major SM backgrounds. All the major backgrounds show relatively harder
spectra in P
`∓1
T , P
miss
T , Mτ±`∓1 , and MTτ±`∓1 PmissT
. One can make use of these features to
discriminate the signal from the backgrounds.
Two Opposite-Sign τs Selection Flow Table
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 25 GeV 2.291 8.487× 10−1 7.629× 10−1 7.478× 10−1 6.132× 10−1
W±Z/H/γ 1.599× 102 7.696× 10−1 5.737× 10−1 5.652× 10−1 1.700× 10−2
ZZ/γ 2.400× 101 7.990× 10−1 7.066× 10−1 6.967× 10−1 3.970× 10−2
ττ + nj 9.559× 105 3.680× 10−4 3.476× 10−4 3.476× 10−4 0
tt¯+ nj 2.987× 104 2.164× 10−2 4.353× 10−3 5.804× 10−4 5.128× 10−5
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 50 GeV 2.052 6.320× 10−1 5.581× 10−1 5.450× 10−1 4.791× 10−1
W±Z/H/γ 1.599× 102 7.696× 10−1 5.737× 10−1 5.652× 10−1 5.430× 10−2
ZZ/γ 2.400× 101 7.990× 10−1 7.066× 10−1 6.967× 10−1 9.740× 10−2
ττ + nj 9.559× 105 3.680× 10−4 3.476× 10−4 3.476× 10−4 6.134× 10−5
tt¯+ nj 2.987× 104 2.164× 10−2 4.353× 10−3 5.804× 10−4 1.878× 10−4
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 75 GeV 9.104× 10−2 4.364× 10−1 3.429× 10−1 3.368× 10−1 1.619× 10−1
W±Z/H/γ 1.599× 102 7.696× 10−1 5.737× 10−1 5.652× 10−1 5.860× 10−2
ZZ/γ 2.400× 101 7.990× 10−1 7.066× 10−1 6.967× 10−1 1.010× 10−2
ττ + nj 9.559× 105 3.680× 10−4 3.476× 10−4 3.476× 10−4 8.179× 10−5
tt¯+ nj 2.987× 104 2.164× 10−2 4.353× 10−3 5.804× 10−4 2.561× 10−4
TABLE III: The two opposite-sign τs selection flow table for HNLs with benchmark points
of MN = 25, 50 and 75 GeV with U
2
τN = 10
−5. The preselection and invariant mass
selection are written in the main text. The A for each selection is the total accepted
efficiency in each step.
B. Opposite-sign tau leptons plus a muon
Now we turn to our results for the channel of two opposite-sign τs, µ and mET . The cut
flow tables for MN < mW (MN = 25, 50, 75 GeV) and MN > mW (MN = 85, 100, 125, 150
GeV) are shown in Tables III and IV, respectively. Again, we set U2τN = 10
−5 for all
24
Two Opposite-Sign τs Selection Flow Table
Process
σ Preselection PmissT < 85/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 85 GeV 1.101× 10−2 1.386 7.410× 10−1 7.236× 10−1 6.538× 10−1 6.471× 10−1
W±Z/H/γ 1.031× 102 4.402 2.004 1.971 1.874 1.078
ZZ/γ 2.082× 101 5.275 2.616 2.572 2.490 1.339
ττ + nj 9.561× 105 2.024× 10−4 1.518× 10−4 1.417× 10−4 1.214× 10−4 1.012× 10−4
tt¯ + nj 2.864× 104 2.712× 10−1 4.881× 10−2 7.395× 10−3 20118× 10−3 9.980× 10−4
Process
σ Preselection PmissT < 100/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 100 GeV 8.745× 10−3 1.723 9.382× 10−1 9.144× 10−1 8.201× 10−1 8.140× 10−1
W±Z/H/γ 1.031× 102 4.402 2.403 2.363 2.232 1.516
ZZ/γ 2.082× 101 5.275 3.078 3.026 2.916 1.938
ττ + nj 9.561× 105 2.024× 10−4 1.822× 10−4 1.720× 10−4 1.417× 10−4 1.012× 10−4
tt¯ + nj 2.864× 104 2.712× 10−1 6.499× 10−2 9.595× 10−3 3.076× 10−3 2.159× 10−3
Process
σ Preselection PmissT < 125/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 125 GeV 3.597× 10−3 4.683 3.186 3.101 2.609 2.605
W±Z/H/γ 1.031× 102 4.402 2.927 2.875 2.694 2.154
ZZ/γ 2.082× 101 5.275 3.694 3.630 3.472 2.778
ττ + nj 9.561× 105 2.024× 10−4 1.923× 10−4 1.822× 10−4 1.518× 10−4 1.316× 10−4
tt¯ + nj 2.864× 104 2.712× 10−1 9.252× 10−2 1.328× 10−2 4.196× 10−3 3.544× 10−3
Process
σ Preselection PmissT < 150/2 GeV b veto HT < 200 GeV Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%) A (%)
MN = 150 GeV 1.800× 10−3 6.746 4.808 4.682 3.630 3.626
W±Z/H/γ 1.031× 102 4.402 3.314 3.254 3.020 2.631
ZZ/γ 2.082× 101 5.275 4.125 4.051 3.844 3.378
ττ + nj 9.561× 105 2.024× 10−4 1.923× 10−4 1.822× 10−4 1.518× 10−4 1.518× 10−4
tt¯ + nj 2.864× 104 2.712× 10−1 1.209× 10−1 1.719× 10−2 5.214× 10−3 4.643× 10−3
TABLE IV: The same as Tab. III, but for HNLs with benchmark points of MN = 85, 100,
125 and 150 GeV with U2τN = 10
−5.
benchmark points. We list four major SM backgrounds in these two tables: W±Z/H/γ,
ZZ/γ, ττ + nj and tt¯ + nj. The ττ + nj is the dominant one among them. The notation
of Preselection includes Eqs. (11), (12) and (5) and Invariant Mass Selection includes
Eqs. (9) and (13) (when MN < mW ).
For MN < mW , after passing all selection cuts, we can find the signal efficiencies around
0.16-0.61%, the efficiencies of W±Z/H/γ and ZZ/γ are less than 5.9 × 10−2% and 9.7 ×
10−2%, and that of ττ+nj and tt¯+nj are even smaller, less than 8.2×10−5% and 5.1×10−5%,
respectively. 8 Various kinematical distributions for the signal with MN = 25, 50 and 75
GeV are shown in Fig. 13. These distributions are similar to Fig. 9 except for panels (a),
(b) and (c) in Fig. 13. This is due to the different helicity structures between N → τ+l−α να
and N → τ−l+α να that involve the W propagator with only the left-handed interaction, and
8 Again, the tiny efficiencies of ττ + nj and tt¯ + nj also cause unavoidable large statistical fluctuations,
even we already generated more than 5× 106 and 4× 106 Monte Carlo events for them separately.
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(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ∓
(c) The pT distribution for leading µ
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ∓1 τ
±
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∓
1
(f) The distribution for Mτ±µ∓1
(g) The distribution for MTτ∓1 τ
±
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∓
1 P
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T
(h) The distribution for MTτ±µ∓1 PmissT
FIG. 13: Two Opposite-Sign τs: various kinematical distributions for the signal with
the benchmark points of MN = 25, 50 and 75 GeV. Notice the distributions in (e), (f), (g)
and (h) passed the preselection criteria.
26
(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ∓
(c) The pT distribution for leading µ
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ∓1 τ
±
2 µ
∓
1
(f) The distribution for Mτ±µ∓1
(g) The distribution for MTτ∓1 τ
±
2 µ
∓
1 P
miss
T
(h) The distribution for MTτ±µ∓1 PmissT
FIG. 14: The same as Fig. 13, but for the signal with the benchmark point of MN = 50
GeV and major SM backgrounds.
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causing the variation of P lT and P
τ
T distributions. In Fig 14, we also display these kinematical
distributions for the signal MN = 50 GeV and three major SM backgrounds. We do not
show kinematical distributions for ττ+nj process because only very few events can pass the
preselection criteria. As we expected, these selection criteria can also successfully distinguish
most parts of the signal from SM backgrounds.
(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ∓
(c) The pT distribution for leading µ
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ±µ∓1
(f) The distribution for MTτ±µ∓1 PmissT
FIG. 15: Two Opposite-Sign τs: various kinematical distributions for the signal with
the benchmark points of MN = 85, 100, 125 and 150 GeV. Notice the distributions in (e)
and (f) passed the preselection criteria.
For MN > mW , after imposing all selection cuts, we can find the signal efficiencies around
0.65-3.63%, the efficiencies ofW±Z/H/γ and ZZ/γ are less than 2.63% and 3.38%, and those
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(a) The pT distribution for leading τ
± (b) The pT distribution for subleading τ∓
(c) The pT distribution for leading µ
∓ (d) The pT distribution for missing energy
(e) The distribution for Mτ±µ∓1
(f) The distribution for MTτ±µ∓1 PmissT
FIG. 16: The same as Fig. 15 but for the signal with the benchmark point of MN = 125
GeV and major SM backgrounds.
of ττ+nj and tt¯+nj are even smaller, less than 1.52×10−4% and 4.64×10−3%, respectively.
Various kinematical distributions for the signal with MN = 85, 100, 125 and 150 GeV are
shown in Fig. 15. Again, these distributions are similar to Fig. 11. In Fig. 16, we also
display these kinematical distributions for the signal MN = 125 GeV and three major SM
backgrounds. Again, kinematical distributions for ττ + nj process are not shown in Fig. 16
for the same reason. It is clear that both Mτ±µ∓1 and MTτ±µ∓1 PmissT
are useful variables to
discriminate the HNL signal from the backgrounds.
Finally, the interpretation of our signal-background analysis results at
√
s = 14 TeV with
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FIG. 17: The expected sensitivity reach of |UτN |2 as a function of the mass MN of the
HNL for the same-sign τ selection (left panel) and opposite-sign τ selection (right panel) at
√
s = 14 TeV with an integrated luminosity L = 3000fb−1. The exclusion region at
95% (68%) CL in the MN vs. |UτN |2 plane is shown in the yellow (green) band. The
constraints from EWPD and DELPHI of Fig. 6 are added for comparison.
an integrated luminosity L = 3000fb−1 is presented in the left (right) panel of Fig. 17 for
two-same-sign τ selection (two-opposite-sign τ selection). The exclusion region at 95% (68%)
CL in the MN vs. |UτN |2 plane is shown in the yellow (green) band. Those SM backgrounds
without MLM matching could have some level of theoretical uncertainties coming from higher
order corrections as large as +(50-100)%. Here we take into account these uncertainties by
allowing a factor of 2 in the background calculation as a conservative estimation. The
constraints from EWPD and DELPHI of Fig. 6 are added for comparison. We estimate the
background uncertainties as
√
B (we consider only the statistical one in this work) in the
CLs method [91] where B is the total background event numbers. Also, the background-
only hypothesis is assumed and Gaussian distributions are used for nuisance parameters.
The RooStats package [92] is applied to estimate the confident interval with Asymptotic
calculator and one-sided Profile Likelihood. We observe that the sensitivity bounds from HL-
LHC can be stronger than LEP and EWPD constraints in some parameter space, especially
for two-same-sign τ selection which can reach down to |UτN |2 ≈ 5× 10−6 for MN . 50 GeV.
These regions are close to the boundaries between the prompt and long-lived decays of HNLs
at the LHC scale. Hence, our study in this paper can serve as a complementary sensitivity
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reach of Ref. [33] to make HNL searches in the channel pp→ W±(∗) +X → τ±N +X more
complete.
VI. CONCLUSIONS
The puzzle of tiny neutrino masses and the origin of the matter-antimatter asymmetry
of the Universe are two vital issues beyond the standard model. Electroweak scale Type-I
seesaw mechanism is one of the highly-motivated proposals to explain them simultaneously
while maintaining the detectability of the new particles. The model can be tested in present
or near-future experiments including the LHC to tell if one or more heavy neutral leptons
exist at the electroweak scale. The discovery of heavy neutral leptons will become a concrete
evidence of new physics without any doubt.
Among numerous ways to search for heavy neutral leptons in various mass ranges, the
LHC can still serve as the most powerful machine to probe O(10− 100) GeV heavy neutral
leptons in the present as shown in Figs. 4 and 5. Since there are fewer collider studies
of the mixing between ντ and HNL in literature compared with those of νe and νµ for
the HNL of mass in the electroweak scale as shown in Fig. 6, we focus on the channel
pp → W±(∗) + X → τ±N + X to search for heavy neutral leptons at the LHC 14 TeV in
this work.
The targeted signature in this study consists of three prompt charged leptons which
includes at least two tau leptons. We further classify our simulations and event selections
according to two same-sign τs or two opposite-sign τs for revealing the Majorana nature
of heavy neutral leptons. After the signal-background analysis, we can observe these event
selections can pick out most parts of the signal against SM backgrounds, especially for the
MN < mW benchmark points as shown in Tables I and III and Figs. 10, 14. We summarize
our predictions for the testable bounds from HL-LHC in Fig. 17 which is stronger than the
previous LEP constraint and Electroweak Precision Data (EWPD). It is obvious that the
selection of two same-sign τs is more powerful than two opposite-sign τs and it can reach
down to |UτN |2 ≈ 5 × 10−6 for MN . 50 GeV. We should emphasize even this work is
based in the context of νMSM with Majorana neutrinos, our analysis can also be applied
to models with Dirac-like/pseudo-Dirac heavy neutrinos with and without charged lepton
flavor violation.
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Appendix A: Formulas for Heavy Neutral Lepton partial decay widths
For the low mass region (MN  mW,Z), we follow the calculations in Ref. [17, 93, 94]
for the partial decay widths of N . Notice that we consider the inclusive approach, and take
the parameter µ0 ∼ mη′ = 957.78 ± 0.06 MeV for the mass threshold from which we start
taking into account hadronic contributions via qq production.
1. For N → l−α l+β νβ, N → l+α l−β νlβ and α 6= β
Γ(N → l−α l+β νβ) = Γ(N → l+α l−β νβ)
= |UαN |2 G
2
F
192pi3
M5NI1(ylα , yνβ , ylβ)
≡ |UαN |2Γ(lαlβνβ) .
(A1)
2. For N → ναl−β l+β , N → ναl+β l−β
Γ(N → ναl−β l+β ) = Γ(N → ναl+β l−β )
= |UαN |2 G
2
F
96pi3
M5N
[ (
glLg
l
R + δlαlβg
l
R
)
I2
(
yνα , ylβ , ylβ
)
+
((
glL
)2
+
(
glR
)2
+ δlαlβ(1 + 2g
l
L)
)
I1
(
yνlα , ylβ , ylβ
) ]
≡ |UαN |2Γ(ναlβ lβ) .
(A2)
3. For N → νlανlβνlβ , N → νανβνβ∑
β=e,µ,τ
Γ(N → νανβνlβ) =
∑
β=e,µ,τ
Γ(N → νανβνβ)
= |UαN |2 G
2
F
96pi3
M5N
≡ |UαN |2Γ(3ν) .
(A3)
4. For N → l−αUD,N → l+αUD
Γ(N → l−αUD) = Γ(N → l+αUD)
= |UαN |2|VUD|2 G
2
F
64pi3
M5NI1 (ylα , yU , yD)
≡ |UlαN |2Γ(lUD) .
(A4)
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5. For N → ναqq,N → ναqq
Γ(N → ναqq) = Γ(N → ναqq)
= |UαN |2 G
2
F
32pi3
M5N
[
gqLg
q
RI2 (yνα , yq, yq) +
(
(gqL)
2 + (gqR)
2
)
I1 (yνα , yq, yq)
]
≡ |UαN |2Γ(νqq) .
(A5)
Here we denoted yi = mi/MN with mi = ml,q and U = u, c, D = d, s, b and q = u, d, c, s, b.
For lepton and quark masses, we apply the values from PDG 2018 [69].
The SM neutral current couplings of leptons and quarks are
glL = −
1
2
+ sin2 θW , q
U
L =
1
2
− 2
3
sin2 θW , q
D
L = −
1
2
+
1
3
sin2 θW ,
glR = sin
2 θW , q
U
R = −
2
3
sin2 θW , q
D
R =
1
3
sin2 θW .
(A6)
The kinematical functions used above are
λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2xz , (A7)
I1(x, y, z) = 12
∫ (1−z)2
(x+y)2
ds
s
(s− x2 − y2)(1 + z2 − s)λ1/2(s, x2, y2)λ1/2(1, s, z2) , (A8)
I2(x, y, z) = 24yz
∫ (1−x)2
(y+z)2
ds
s
(1 + x2 − s)λ1/2(s, y2, z2)λ1/2(1, s, x2) . (A9)
For the medium mass region (MN . mt), we take into account the both effects of on-
shell and off-shell W and Z bosons by including the width of these gauge bosons in the
propagators. We follow the calculations in Ref. [17, 95] for the the partial decay widths of
N . Notice all the SM fermion masses of the final states have been neglected to simplify our
calculations.
1. For N → l−α l+β νβ, N → l+α l−β νβ and α 6= β
Γ(N → l−α l+β νβ) = Γ(N → l+α l−β νβ)
= |UαN |2FN (MN ,mW ,ΓW )
≡ |Ul1N |2Γ(l1l2ν) .
(A10)
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2. For N → ναl−β l+β , N → ναl+β l−β
Γ(N → ναl−β l+β ) = Γ(N → ναl+β l−β )
= |UαN |2
[
FN (MN ,mW ,ΓW ) + 3
((
glL
)2
+
(
glR
)2)
FN (MN ,mZ ,ΓZ)
+ 2glLFS (MN ,mW ,ΓW ,mZ ,ΓZ)
]
≡ |UαN |2Γ(l2l2ν) .
(A11)
3. For N → νανβνβ, N → νανβνβ∑
β=e,µ,τ
Γ(N → νανβνβ) =
∑
β=e,µ,τ
Γ(N → νανβνβ)
= |UαN |2 1
4
(2 + 4)FN (MN ,mZ ,ΓZ)
≡ |UαN |2Γ(3ν) .
(A12)
4. For N → l−αUD,N → l+αUD
Γ(N → l−αUD) = Γ(N → l+αUD)
= |UαN |2|VUD|2NcFN (MN ,mW ,ΓW )
≡ |UαN |2Γ(lUD) .
(A13)
5. For N → ναqq,N → νlαqq
Γ(N → ναqq) = Γ(N → ναqq)
= |UαN |2Nc
(
(gqL)
2 + (gqR)
2
)
FN (MN ,mZ ,ΓZ)
≡ |UαN |2Γ(νqq) .
(A14)
where Nc = 3 is the number of color degrees of freedom for quarks.
The functions FN is
FN (MN ,mW ,ΓW ) =
G2FMN
pi3
∫ MN
2
0
dE1
∫ MN
2
MN
2
−E1
(
|PW |2 1
2
(MN − 2E2)E2
)
dE2 , (A15)
where PW comes from the propagator of the W boson with the form,
PW =
m2W
q2 −m2W + iΓWmW
, (A16)
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where q2 = M2N − 2MNE1 and ΓW is the total decay width of W . We can simply obtain
FN(MN ,mZ ,ΓZ) by taking (mW ,ΓW )→ (mZ ,ΓZ).
On the other hand, the function FS is given by
FS =
G2FMN
pi3
∫ MN
2
0
dE1
∫ MN
2
MN
2
−E1
(
(PWP
∗
Z + P
∗
WPZ)
1
2
(MN − 2E2)E2
)
dE2 , (A17)
and PZ comes from the propagator of the Z boson with the form,
PZ =
m2Z
q23 −m2Z + iΓZmZ
, (A18)
where q23 = M
2
N − 2MNE3 with E3 = MN − E1 − E2 considering the decay of N at rest.
Besides, we also take into account the N partial decay width to the Higgs boson and an
active neutrino when N is heavier than the Higgs boson,
Γ(N → ναH) = g
2
64pim2W
|UαN |2M3N
(
1− m
2
H
M2N
)2
(A19)
≡ |UαN |2Γ(νH) . (A20)
Finally, we represent the total decay width of N as
ΓN =
∑
α,β,H
[
2× Γ(N → l−αH+) + 2× Γ(N → l−α l+β νβ) + Γ(N → νβH0) (A21)
+ Γ(N → l−β l+β να) + Γ(N → νανβνβ)
]
+ Γ(N → ναH) , (A22)
where we denoted the hadronic states H+ = du, su, dc, sc, bu, bc and H0 = qq. Then we
further simplify ΓN as
ΓN = ae(MN) · |UeN |2 + aµ(MN) · |UµN |2 + aτ (MN) · |UτN |2 , (A23)
where
aα(MN) = 2× Γ(lαH) + Γ(νH) + Γ(3ν) +
∑
β
(
Γ(lβ lβν) + 2× Γ(lαlβν))+ Γ(νH) , (A24)
with α, β = e, µ, τ .
Appendix B: Extra cut flow tables and kinematical distributions
In this appendix, we collect some extra cut flow tables and kinematical distributions
which are not shown in the main text. First, inspired from the Ref. [85, 86], the situation
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Two Same-Sign τs Selection Flow Table
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 25 GeV 2.851 2.535 2.348 2.289 1.640
W±W±W∓ 1.828× 10−1 1.331 7.078× 10−1 6.935× 10−1 5.280× 10−2
W+W−Z/H/γ 1.065× 10−1 8.680× 10−1 4.174× 10−1 4.085× 10−1 3.785× 10−2
tt¯+ nj 2.357× 104 6.471× 10−2 1.287× 10−2 1.759× 10−3 9.637× 10−5
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 50 GeV 2.068 2.931 2.683 2.612 2.368
W±W±W∓ 1.828× 10−1 1.331 7.078× 10−1 6.935× 10−1 1.628× 10−1
W+W−Z/H/γ 1.065× 10−1 8.680× 10−1 4.174× 10−1 4.085× 10−1 1.129× 10−1
tt¯+ nj 2.357× 104 6.471× 10−2 1.287× 10−2 1.759× 10−3 3.373× 10−4
Process
σ Preselection PmissT < 40 GeV b veto Invariant Mass Selection
(fb) A (%) A (%) A (%) A (%)
MN = 75 GeV 8.935× 10−2 1.588 1.302 1.270 8.049× 10−1
W±W±W∓ 1.828× 10−1 1.331 7.078× 10−1 6.935× 10−1 1.787× 10−1
W+W−Z/H/γ 1.065× 10−1 8.680× 10−1 4.174× 10−1 4.085× 10−1 1.231× 10−1
tt¯+ nj 2.357× 104 6.471× 10−2 1.287× 10−2 1.759× 10−3 4.337× 10−4
TABLE V: The same as Table I except for the change of 15 < P
τ1(τ2)
T < 50(30) GeV in
Preselection.
with 15 < P
τ1(τ2)
T < 50(30) GeV may also be possible for MN < mW and this selection can
enhance the signal sensitivity reach. Therefore, we list this kind of event slection for the two
same-sign τs selection flow table in Table V and two opposite-sign τs selection flow table in
Table VI for readers as a reference. Second, in order to remove the extra hadronic activity
from SM backgrounds for MN > mW , the inclusive scalar sum of jet ET , HT , which is defined
in Eq. (5.20) of Ref. [48] is applied in our analysis. The inclusive HT distributons are shown
in Fig. 18 for the same-sign τ selection (upper panel) and opposite-sign τ selection (lower
panel). The selection HT < 200 GeV can effectively reduce the hadronic activity from tt
associated processes.
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